Spin splitting in a polarized quasi-two-dimensional exciton gas 
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We have observed a large spin splitting between "spin" +1 and —1 heavy-hole excitons, having 
unbalanced populations, in undoped GaAs/AlAs quantum wells in the absence of any external 
magnetic field. Time-resolved photoluminescence spectroscopy, under excitation with circularly 
polarized light, reveals that, for high excitonic density and short times after the pulsed excitation, 
the emission from majority excitons lies above that of minority ones. The amount of the splitting, 
which can be as large as 50% of the binding energy, increases with excitonic density and presents 
a time evolution closely connected with the degree of polarization of the luminescence. Our results 
are interpreted on the light of a recently developed model, which shows that, while intra-excitonic 
exchange interaction is responsible for the spin relaxation processes, exciton-exciton interaction 
produces a breaking of the spin degeneracy in two-dimensional semiconductors. 
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The spin dynamics of low-dimensional semiconductor 
heterostructures has been studied intensively both ex- 
perimentally and theoretically in the 
last decade. One of the most intriguing findings, first 
observed by Damen et al. |l[] in time-resolved photo- 
luminescence (TRPL) spectra, is the appearance of an 
energy splitting between excitons with spin +1 and -1, 
| pO| in the absence of any magnetic field, whenever cir- 
cularly polarized light is used to excite the system. The 
breaking of the spin degeneracy at high excitonic densi- 
ties was confirmed by pump and probe experiments, |^] 
and later on by TRPL. [|@jl|] Closely related to this 
behavior of spin-polarized excitons is the existence of a 
blue shift of excitonic transitions, observed in pump and 
probe experiments in GaAs quantum wells (QWs) under 
high excitation. [|l2|,^ This shift has been attributed to 
the repulsive interaction among excitons due to the Pauli 
exclusion principle acting on the Fermi particles forming 
the excitons. [ p^|jT^ ] In a recent publication, ||] we have 
shown that, in the case of spin dependent populations, 
inter-excitonic interaction produces a breaking of the spin 
degeneracy in two-dimensional excitons. This mechanism 
is complementary to the intra-exciton exchange, which 
induces the spin relaxation. |^ 

We present in this work new experimental results on 
spin splitting of heavy-hole (hh) excitons in intrinsic 
GaAs quantum wells and compare the energies of the 
interacting-excitons system with theoretical calculations 



based on the model described in Ref. We have used 
a sample consisting of 50 periods of 77A-wide GaAs 
wells and 72 A- wide AlAs barriers, which presents a small 
Stokes shift between the emission and the absorption (2.5 
meV at 2 K and very low exciting power). The Stokes 
shift allows us to perform quasi-resonant excitation ex- 
periments, i.e. detect in the peak of the photolumines- 
cence while exciting in the ground-state absorption peak. 
In spite of the presence of this shift, the sample exhibits 
dynamical properties comparable to those of very high 
quality samples. ^ 

TRPL spectra have been measured with a standard 
up-conversion setup, using a double-monochromator to 
disperse the up-converted signal. The exciting light, ob- 
tained from a Styryl 8 dye laser synchronously pumped 
by the 532 nm line of a mode- locked Nd:YAG laser, was 
circularly polarized by means of a A/4 plate, and the PL 
was analyzed into its cr"*" and components using a 
second A/4 plate before the non-linear crystal, where the 
up-conversion taks place. Spectra were taken at different 
times delays with the sample mounted in the cold finger 
of a temperature- variable cryostat. The time resolution 
of our system is 5 ps. 

Figure 1 depicts time-resolved PL spectra at 8 K taken 
10 ps after the excitation with (7+ pulses for two differ- 



ent densities, 4 x 10 



-2 and 1.5 x 10"c 



with the 



laser at 1.625 eV. The solid points show the polarized 
((T+, spin +1) emission while the open circles correspond 
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to the unpolarized {a~ , spin -1) luminescence. With this 
quasi-resonant excitation, an energy spUtting of 2.5 meV 
is clearly seen between the two peaks in Fig. la. Increas- 
ing the excitation density, both a broadening of the lines, 
which increases from 12 to 18 meV, and a strong enhance- 
ment of the splitting is observed. The splitting is mostly 
due to the red shift of the a~ polarized emission and ex- 
hibits marked time- and excitation-energy dependences. 

The time dependence of the polarized (solid points) 
and unpolarized (open points) photoluminescence is 
shown in Fig. 2 for two different excitation energies and 
an initial carrier density of 5 x 10^"cm~^. At short times, 
the splitting amounts to 4 meV exciting at 1.631 eV, be- 
low the light-hole (Ih) exciton (diamonds). However, if 
the excitation is moved at energies above the Ih it be- 
comes only 1.2 meV (1.681 eV, circles). We have found 
that the splitting is strongly correlated with the degree 
of polarization (P) of the luminescence. Time-resolved 
measurements on the same sample have shown that P at 
t = 10 ps amounts to 80% and 20% at 1.631 eV and 1.681 
eV, respectively. 1^ The behavior of the peak positions 
of the PL with time, seen in the figure, is common for 
all excitation energies: the polarized (unpolarized) emis- 
sion shifts towards lower (higher) energies with increasing 
time until both emission bands merge at ~ 150ps. 

Figure 3 shows the dependence of the energy positions 
of the luminescence on the initial carrier density. The 
numbers in the abscissa have been estimated from the 
absorption coefficient of the sample, the power density, 
the area in which the laser beam is focused and the losses 
in the windows of the cryostat, and are subjected to sub- 
stantial uncertainties. Under the conditions presented in 
the figure, 12 ps after the excitation at 1.631 eV, the (t+ 
emission remains practically constant, while the a~ lu- 
minescence red shifts with increasing carrier density up 
to ^ 7 X 10^'^ cm~^. For higher carrier densities the 
energy of the unpolarized emission stays constant. The 
solid lines correspond to the calculation of the excitonic 
energies according to the method described in Ref. ^j, 
which takes into account inter-excitonic exchange inter- 
action and screening. The changes in the energies of the 
interacting +1 and -1 excitons with respect to the energy 
of a single exciton are written analytically as: 



2{n^ + fn^){h - h) 



0.82ne'^na 



(1) 



where n is the total density of excitons, are those 
of ±1 excitons, e the dielectric constant and a the three- 
dimensional Bohr radius. I2 describes a "self-energy" 
correction that weakens electron-electron and hole-hole 
repulsion. Ii is a "vertex" correction that, due to the 
Pauli exclusion, reduces the inter-excitonic electron-hole 
attraction. The term involving / is a small coupling be- 
tween ±1 excitons, essentially due to valence band mix- 
ing. Since a -|-3/2(— 3/2) hole has a small coupling with 
a — l/2(+l/2) hole, a hh -|-1(— 1) exciton has weight 



mainly on — l/2(-|-l/2) electrons but also some weight 
on -t-l/2(— 1/2) electrons. The last term in Eq. (1) is a 
screening correction using the random phase approxima- 
tion. 

Using the expressions for Ii and I2 given in the Ap- 
pendix of Ref. 1^, with e = 13 for GaAs and neglecting 
the small / term, Eq. (1) can be re-written as: 



E^{eV) = 2.214 x 10"^^a(l) x 
X [l.515n^(cTO"2) _ 0.4l7rn(cm"^)] 



(2) 



In the lines of figure 3, the energy of a single exciton, 
corresponding to the limit n — > 0, has been taken as the 
experimental energy of the -1-1 exciton at the lowest car- 
rier density used in the experiments ( ^ 6.5 x lO^cm"^). 
A three-dimensional excitonic Bohr radius of 150 A and 
an initial degree of polarization P= 80%, corresponding 
to n+= 0.9n and n^— O.ln, have been used to compute 
the curves. The assumption that P does not depend on n 
is corroborated by previous TRPL experiments. The 
results are plotted up to 9.5 x lO^'^cm"^, where a satura- 
tion of the splitting of the photoluminescence is observed. 

The theory obtains a very good agreement with the ex- 
periments for (T+ emission and agrees qualitatively with 
the dependence of the cr~ luminescence. The flatness of 
the calculated position for the polarized (cr"'") PL arises 
from an almost perfect cancellation of the " self-energy" , 
the vertex correction and the screening in Eq. (2) for . 
On the other hand, the theory predicts a less pronounced 
red-shift of the unpolarized (cr^ ) PL with increasing car- 
rier density than that observed experimentally, and does 
not reproduce the saturation of the shift. These discrep- 
ancies between the experiments and the calculations can 
originate from different sources: i) the theory depends 
on excitonic density, while the experiments are plotted 
against carrier density, which is not necessarily the same 
as the excitonic one, especially at high densities when 
the number of created excitons saturates; ii) the densi- 
ties have considerable uncertainties in their estimation; 
iii) the theory assumes free excitons with zero kinetic 
energy, while the excitons are actually weakly bound, 
and have some excess energy because they are not strictly 
created under resonant conditions; iv) the theory consid- 
ers a strictly two-dimensional system while the actual 
one has a width in the growth direction. This last ap- 
proximation distorts the relative importance of exchange 
versus Hartree interaction. 

The interdependence between the magnitude, and also 
the sign, of the splitting and P is further demonstrated 
in the inset of Fig. 3, which depicts the shift of the 
PL peaks versus initial carrier density, exciting at the Ih 
exciton with t = 12 ps. In this case, we observe that 
the unpolarized emission (open triangles) lies at slightly 
higher energies than the polarized one (closed triangles), 
in concordance with the small, but not negligible, value 
of P, which amounts to -10%. The negative value of 
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P corresponds to the fact that exciting at the Ih-exciton 
energy with polarization, after relaxation of -1/2 Ih 
to 3/2 hh, the population of -1 hh-excitons is larger than 
that of +1 hh-excitons. The adequacy of the theory to 
explain the experimental results is also confirmed by the 
results obtained with Eq.(2) for P=-10%, which are de- 
picted in the inset as solid (cr+) and open (cr") squares 
for an excitonic density of 9.5 x 10^°cto~^. Although the 
theory gives again a less pronounced dependence (not 
shown) on excitation power than the experimental one 
displayed in the inset, it obtains for P=-10% that both 
excitons redshift. Furthermore, the calculated shift of 
the -1-1 excitons and the splitting amount to 2 meV and 
-0.4 meV, respectively, in very good agreement with the 
experimental values. 

The theory predicts (neglecting the second term in Eq. 
(1)) that the splitting between -1-1 and -1 excitons is 
proportional to the difference between spin- up and 
spin-down [n~) populations and therefore proportional 
to the degree of polarization (P=(n+-n~)/(n"'"-|-n~)). 
This dependence is also borne out from the experiments, 
as shown in Fig. 4: the time dependence of the splitting 
(solid points) and of the degree of polarization (open dia- 
monds), for a carrier density of 5x 10^°cm~'^, are strongly 
correlated and both show a monoexponential decay with 
a time constant of 40 ps. When the and n~ pop- 
ulations become comparable, and therefore P — > 0, the 
splitting vanishes as a consequence of the convergence of 
the -|-1 and -1 excitons towards the same energy, as pre- 
dicted by Eqs. (1) and (2). The reduction of P with time 
arises from spin-flip processes of the excitons, which are 
believed to be driven by exchange interaction between 
the electron and hole composing the exciton. ||l|,^ This 
intra-excitonic exchange interaction does not break the 
symmetry between spin -f 1 and spin -1 excitons and has 
a very weak influence in the exciton energy levels, but it 
is responsible for the time decay of the splitting. 

Finally, we would like to mention that the experiments 
corroborate the theoretical predictions concerning the 
relative strength of the electron-hole vertex (Ii) and of 
the electron(hole)-electron(hole) (I2) "self-energy" cor- 
rections: the splitting grows with increasing initial car- 
rier density corresponding to /1//2 = 6.28/4.76 > 1 (see 
Eqs. (A4) and (A12) in Ref. §]). The possible reversal 
of this inequality by an external perturbation could have 
important consequences in the state of polarization of the 
excitonic gas. The variation of the total energy with the 
degree of polarization P can be written as: 

aP ea 

Taking into account that / << 1, if Ii > I2, Eq. (3) 
predicts that the system prefers to have zero polarization 
because there it attains an energy minimum. However, 
if an external perturbation, such as strain, electric field, 



etc., could cause that I2 > Ii then the excitonic gas would 
prefer to be polarized. [|l6| 

In summary, we have shown that the spin splitting ob- 
served in a polarized two-dimensional exciton gas orig- 
inates from the inter-excitonic interaction among elec- 
trons and holes, forming the excitons. The magnitude 
of the splitting depends on the process of excitonic for- 
mation, it grows with increasing excitonic density and is 
firmly correlated with the degree of polarization of the 
system. Its time evolution is determined by the aditional 
intra-excitonic exchange interaction. 
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FIG. 1. Low temperature, 8K, time-resolved PL spectra of 
a 77A-wide GaAs QW taken 10 ps after the excitation with 
polarized light at 1.625 cV. The solid (open) points depict 
the (T^((T~) emission. Initial carrier density: a) 4x lO^^cm"^, 
b) 1.5 X lO'^^cm"^. The arrows indicate the blue(red) shift of 
the (j"'"((j~) luminescence. 



FIG. 2. Time evolution of the excitonic energies for 
(solid points) and a~ (open points) emission at two excitation 
energies: 1.631 eV (f>) and 1.681 cV (o), for an initial carrier 
density of 5 x lO^^cm"^. The exciting light was cr+ polarized. 

FIG. 3. Energies of the polarized (cr^, solid points) and 
unpolarizcd(a^ , open points) luminescence as a function of 
carrier density. The positions are taken 12 ps after the ex- 
citation at 1.631 eV. The lines represent the results of Eq. 
(2). The inset shows the dependence on carrier density of 
the split luminescence at 10 ps after the excitation at the 
light-hole oxciton energy. The squares show the predictions 
of the theoretical model and the dashed lines are a guide to 
the eye. 

FIG. 4. Time evolution of the PL splitting (•) and po- 
larization (o) for an initial carrier density of 5 x 10^° cm~^ 
exciting at 1.621 eV. The dashed line depicts the best fit to a 
monoexponential decay with a time constant of 41 ps. 
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Fig. 1. (L Vina et al. # BUR582) 
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Fig. 2. (L Vina et al. # BUR582) 



1.613 - 



1.612 - 



> 
o 

c 

LU 



1.611 - 



1.610 - 



O 

1.609 t O 



n ' r 

♦ 

♦ 

♦ 
♦ 



^8 

o 



♦ c+a + 




E = 1.631 eV 

exc 




O a+a- 






8 - 


n = 5x 1010cm -2 


T = 8 K 


• a+a + 




E = 1.681 eV 

exc 




o a+a- 





200 400 600 800 1000 1200 

Time (ps) 



Fig. 3. (L Vina et al. # BUR582) 



1.613 - 




1.612 - 



LU 



1.611 - 





0.5 




0.0 


> 


-0.5 












-1.0 


LU 




CO 






-1.5 




-2.0 



1.610 - 



O 




1 ' 1 

t E = 


1 .646 eV ' 


^ exc 




ii 
»i 
n 


(Ih) 














1 . 1 


1 



5 10 

Density (10i0cm-2) 



t = 12 ps 



E = 1 .631 eV 

exc 



O 



O 



1.609 



0.0 5.0x1010 1.0x1011 1.5x1011 

Initial carrier density (cm-2) 



Fig. 4. (L Vina et al. # BUR582) 





5 




1 ' 

o 

1 

f 

1 


1 


' 1 ' 1 ' 1 ' 1 

O Polarization 
• Splitting 
pit 


80 






4 




1 

• 

o 




n = 5 X 10^0 cm-2 " 


60 


1 1 

u 


> 






J 








o 





3 








p _ 1 Rp-l p\/ 














exc 




n" 


O) 












40 


Si 


c 


2 




o 

t 








o 


Sp 










= 41 ps 


20 




















1 





















1 


1 


o - 










J I \ I \ I I I I I I 

100 200 300 400 500 

Time (ps) 



